Spinel Co 3 O 4 thin films were synthesized using a sol-gel technique to study the annealing atmosphere effect on resistive switching (RS) and magnetic modulation properties. Compared with oxygen and air annealed Pt/Co 3 O 4 /Pt stacks, the nitrogen annealed Pt/Co 3 O 4 /Pt stack shows optimal switching parameters such as a lower forming voltage, uniform distribution of switching voltages, excellent cycleto-cycle endurance (>800 cycles), and good data retention. Improvement in switching parameters is ascribed to the formation of confined conducting filaments (CFs) which are composed of oxygen vacancies. From the analysis of current-voltage characteristics and their temperature dependence, the carrier transport mechanism in the high-field region of the high resistance state was dominated by Schottky emission. Besides, temperature dependent resistance and magnetization variations revealed that the physical mechanism of RS can be explained based on the formation and rupture of oxygen vacancy based CFs. In addition, multilevel saturation magnetization under different resistance states is attributed to the variation of oxygen vacancy concentration accompanied with the changes in the valence state of cations. Results suggested that using a nitrogen annealing atmosphere to anneal the thin films is a feasible approach to improve RS parameters and enhance the magnetic properties of Co 3 O 4 thin film, which shows promising applications to design multifunctional electro-magnetic coupling nonvolatile memory devices.
Introduction
Resistive random access memory (RRAM) devices, based on the resistive switching (RS) effect in a metal/insulator/metal (MIM) sandwiched structure, have become one of the most promising candidates for next-generation nonvolatile memories. Due to the simple MIM structure, RRAM devices have multiple advantages such as high storage density, fast switching speed, high scalability, low-energy consumption, and good compatibility with complementary metal oxide semiconductor (CMOS) technology. [1] [2] [3] The conversion of RRAM in its high-resistance state (HRS, or OFF) and low resistance state (LRS, or ON) can be accomplished by applying the voltage polarities. 1 The observed RS behaviors can be classied as bipolar, unipolar, complementary, and threshold switching. 
11-13
However, until now, practical applications of RRAM are still under developed due to its controversial physical mechanism and the several reliability issues such as high electroforming voltage, uniformity of switching parameters, large uctuation in HRS and LRS, deterioration of endurance and retention time. Intensive efforts have been devoted to overcome aforementioned challenges of RS parameters and to nd out actual physical mechanism. For this purpose, many approaches, such as metal doping, [14] [15] [16] [17] embedding metal nanoparticles, 18, 19 bilayer structure, [20] [21] [22] as well as annealing atmosphere treatment, [23] [24] [25] [26] have been adopted to minimize the challenges. Among them, annealing atmosphere treatment is not only good compatibility with CMOS process, but also a feasible and effective way to improve the performance and reliability of RRAM devices. 27 Also, some researchers have used annealing atmosphere to modulate oxygen vacancies in metal oxides, 28 because oxygen vacancies play an important role in RS effects of inert metal/oxide/inert metal sandwiched structure devices.
the nitrogen-annealed SnO x layer. 29 Rehman et al. introduced oxygen annealing in Cu x O thin lm based devices, and found that the R on /R off ratio increased about 3 orders of magnitude. 24 Above studies demonstrated that annealing atmosphere can signicantly degrade or enhance the RS performance.
24,29
However, to date, the RS studies in annealing atmosphere are focused on only one gas atmosphere or single switching parameter. 29 Few reports are found in literature on systematical investigation into the effect of annealing atmosphere (oxygen, air, nitrogen) on the RS effect.
Compared with other RS materials, the superior RS properties in our previous work have been found in spinel-like MgZnO and spinel ferrite thin lms (e.g. NiFe 2 O 4 , ZnFe 2 O 4 , CoFe 2 O 4 ), 3, [30] [31] [32] which demonstrated that spinel structure materials exhibited excellent potential application in RS memories. Over the past decades, a lot of studies were exerted to magnetic oxides with spinel structure. 33 Moreover, binary spinel Co 3 O 4 also exhibited excellent RS performance and provided an opportunity in RS application owing to its simple binary component, facile synthetic technology, high chemical and thermal stabilities. 34, 35 As an important role of binary metal oxide family, Co 3 O 4 is an outstanding candidate in opticalsensing, gas-sensing, electrical-sensing and magnetic-sensing devices, which have been widely used in photocatalysts, gas sensors, alkali-ion batteries, super-capacitors, electrocatalysis and magnetic devices. [36] [37] [38] [39] [40] [41] [42] [43] [44] So, Co 3 O 4 material provides a new approach in multifunctional device integration, such as optoelectronic and electro-magnetic devices. More importantly, the combination of both RS and magnetization modulated by electrical means has been one of the crucial issues to be studied for their promising applications in the next-generation information storage, such as memory with electrical writing and magnetic read operation, multilevel storage to obtain four logic states, and multifunctional electro-magnetic integrated devices.
14,17,45-48 Also, atmospheric thermal annealing was an effective cost-efficiently approach for magnetism applications. Li et al. introduced atmospheric thermal annealing to BNnanoplate based spintronic nanodevice research, revealing defect-induced ferrimagnetism. 49 Gao et al. investigated annealing atmosphere effect on Mn-doped ZnO samples, and found room temperature ferromagnetism in H 2 -annealed sample. 50 lms were examined by X-ray photoelectron spectroscopy (XPS, ESCALAB 250). The measurements of current-voltage (I-V) characteristics were performed using a Keithley 236 sourcemeter in direct current (DC) sweep mode under air ambient at room temperature. Temperature dependent resistances of HRS and LRS were also measured in the range of 200 to 300 K. Magnetic properties of Pt/Co 3 O 4 /Pt stack were characterized by a superconducting quantum interference device (SQUID) magnetometer (Quantum Design). The applied magnetic eld was in the range from À2 to +2 tesla at room temperature, and Pt/Co 3 O 4 /Pt stack was placed parallel (inplane) or perpendicular to the applied magnetic eld. 53 There is no evidence of any other impurity peaks from Co and CoO, indicating the pure crystallization of the Co 3 O 4 lms. In addition, compared with nitrogen annealed Co 3 O 4 lm, oxygen and air annealed Co 3 O 4 lms show higher peak intensity and narrower full width at half maximum (FWHM). It means that nitrogen annealing atmosphere reduces the crystallinity of Co 3 O 4 lm, which is highly suitable for the improvement of RS parameters. Usually, the average grain size (D) of the Co 3 O 4 thin lms can be calculated using the Scherrer formula:
Results and discussion
where l ¼ 0.154056 nm is the X-ray wavelength of Cu ka irradiation, b is the full width at half maximum, and q is the Bragg diffraction angle. By calculating the average value of grain size from the (111), (220), and (511) diffraction peaks. The average crystallite sizes are estimated to be $22.1, $17.5, and $9.8 nm for the annealed Co 3 O 4 thin lms in oxygen, air, and nitrogen atmosphere, respectively.
SEM analysis was carried out to study the surface morphologies of Co 3 O 4 lms on Pt/Ti/SiO 2 /Si substrates as shown in Fig. 2(a-c) . The results show that annealing atmosphere has great effects on surface morphology of the Co 3 O 4 lms. In addition, SEM analysis illustrates that Co 3 O 4 lms are smooth, uniform, and crack-free for surface morphology. Meanwhile, the grain size of Co 3 O 4 lms annealed at oxygen atmosphere is larger as that of nitrogen annealed Co 3 O 4 lms, which is in good agreement with XRD results. The above results also demonstrate that annealing atmosphere can directly affect the crystal growth, grain boundary amount, and grain size of the Co 3 O 4 lms, which may play an important role in their electrical properties. Fig. 2 (a1-c1) show the particle size distributions of Co 3 O 4 lms annealed in oxygen, air and nitrogen atmosphere, respectively. The particle size was obtained in terms of the lognormal distribution tting. 55 From the histogram, the average particle sizes of oxygen, air, and nitrogen annealed Co 3 O 4 lms are found to be $20, $15, and $8 nm, respectively. Based on the average particle size evaluation, it can be seen that nitrogen annealed stack have minimum particles size which is optimum particle size to improve the switching parameters of the RRAM stacks. These particles are nanocrystalline in nature, revealing good agreement with calculated XRD results.
XPS analysis was utilized to evaluate the concentration of oxygen vacancies or defect in the Co 3 O 4 lms annealed in oxygen, air, and nitrogen atmosphere, respectively. Fig. 3 Annealing atmosphere dependence of RS characteristics was investigated. All measured memory cells showed high resistance state (HRS) for the rst time, and transformed from HRS to low resistance state (LRS) by increasing the voltage sweep at certain level of current to initiate RS behavior, which is usually called "forming". During the forming process, it is necessary for all memory cells to set the compliance current of 10 mA to prevent permanent hard breakdown. Fig. 4(a) illustrates the variations of forming voltages with annealing in oxygen, air, and nitrogen atmosphere. It can be seen that all the Pt/Co 3 O 4 /Pt stacks exhibited lower forming voltage in the range between 2 to 6 V, respectively. Compared with oxygen annealed and air annealed Pt/Co 3 O 4 /Pt stacks, stack annealed in nitrogen atmosphere obtained smaller forming voltage due to introducing more defects such as oxygen vacancies during annealing. Aer the forming process, a reset process begins from 0 to negative 1.5 V without limiting the current level, all stack switches back to HRS (lower than the initial resistance). All the memory cells were set in the positive voltage region and reset in negative voltage region, as shown in Fig. 4(b-d) . All the measured cells show typical bipolar RS behaviors.
Endurance characteristic is one of the essential parameters of RRAM memory stacks. Fig. 5(a-c) shows the DC endurance characteristics of all memory stacks measured at a read voltage of 0.1 V. The nitrogen annealed Pt/Co 3 O 4 /Pt stack displayed relatively low R on /R off ratio and small uctuation in HRS and LRS, which is caused by better conductivity of Co 3 O 4 lm with Pt electrode. It means that more defects such as oxygen vacancies are generated during nitrogen annealing. Reduction of HRS of nitrogen annealed Co 3 O 4 lms is due to lower crystallinity as compared to other annealed stacks, which leads to create more defects or oxygen vacancies at the grain boundaries. Hao et al. reported that low crystallinity can induce rich oxygen vacancies in Co 3 O 4 , because numerous lattice boundaries were caused by the poor crystallinity and contributed to the generation of oxygen vacancies, resulting in improved conductivity. 57 In addition, improvement in uctuation of HRS and LRS is due to more oxygen vacancies reserved in the grain boundaries.
3,11,57
Enough number of oxygen vacancies form the conne CFs along with grain boundaries, 11 acting as modulation in the growth of CFs (shape and location), which caused that the larger possibility of formation and rupture of laments occurred in the same location and resulted in more stable endurance characteristics. It is worth mentioning that four times repeatable number of cycles increased in nitrogen annealed Pt/Co 3 O 4 /Pt stack as compared to other air and oxygen annealed Pt/Co 3 O 4 /Pt stacks.
To further evaluate the switching uniformity of different atmosphere annealed Pt/Co 3 O 4 /Pt stacks, cumulative probability distribution of the set and reset voltages is shown in Fig. 6(a) Fig. 6(a) . Interestingly, nitrogen annealing can signicantly improve uniformity in switching parameters. It is expected that nitrogen annealing probably depicts the double-log scale plots of I-V curves tting at LRS. In the LRS, the conduction mechanism is ohmic behavior as demonstrated by the linear slope of $1.04, suggesting laments growth and connection between top and bottom electrode. In the low voltage region of HRS, the carrier transport also obeyed ohmic conduction behavior because thermally generated free carrier concentrations are higher than the injected carriers. 17, 32, 34 In the higher voltage region of HRS, the I-V curves were tted with different carrier transport mechanism such as Schottky emission, Poole-Frenkel emission, and space charge limited current (SCLC), respectively. We found linear curve tting with Schottky emission, 17 as shown in Fig. 7(b) . The linear relation of Ln (I) vs. Sqrt (V) indicates that electrons achieve an adequate energy to conquer the energy barrier. Schottky emission mechanism can be expressed by the following equation:
where J is the current density, A* is the effective Richardson constant, T is the temperature, q is the electron charge, F B is the effective Schottky barrier height, E is the electric eld, and 3 is the dielectric constant, and k B is a Boltzmann's constant, respectively.
Temperature dependence of I-V characteristics is one of the best tools to further conrm whether Schottky emission mechanism is dominated in higher voltage region of HRS. The I-V characteristics were measured in the range of 200 to 300 K. Fig. 8(a) shows the temperature dependence of the high and low resistance states of nitrogen annealed Pt/Co 3 O 4 /Pt stack. The resistance value of HRS decreases with increasing temperature, which indicates a semiconducting behavior. Furthermore, the temperature dependent I-V curves measured at the voltage range from 0.4 to 0.6 V were plotted as Ln (I/T 2 ) vs. 1/T in HRS of nitrogen annealed Pt/Co 3 O 4 /Pt stack, as shown in Fig. 8(b) , which conrmed the linear tting with Schottky emission. 17 In contrast, the resistance value of LRS increases with increasing temperature, indicating a metallic conducting behavior. Fig. 8(c) shows the linear tting of the resistance value of LRS according to the equation R(T) ¼ R 0 (1 + a(T À T 0 )). The resistance temperature coefficient a is measured to be 7.8 Â 10 À4 K À1 , and similar results were also reported in our previous Pt/ NiFe 2 O 4 /Pt based memory devices, 3 which indicated that the CFs are composed of oxygen vacancies.
The magnetic characteristics associated with RS could play a crucial role in exploring multifunctional device design of spinel Co 3 O 4 lms. Fig. 9 displays the magnetization-magnetic The remarkable multilevel saturation magnetization can provide an opportunity to design multi-state electric and magnetic integrated stacks. 14, 17 The variation in saturation magnetization with different resistance states could be ascribed to variation in oxygen vacancy concentration as well as associated contributions originated from changes in valence states of Co 3+ and Co 2+ ions. Previous studies also demonstrated that the variation in oxygen vacancy concentration caused changes in magnetization. 59,60 Fig. 9(d-f) shows the perpendicular plane M-H loops, which demonstrates that the magnetization is anisotropic compared with in-plane M-H loops, being lower when the magnetic eld is applied perpendicularly to the surface of Co 3 O 4 thin lm than when it is applied in the parallel direction.
Based on the experimental results and discussion above, the model on the basis of formation and rupture of oxygen vacancies based CFs is depicted to explain the physical mechanism of RS and magnetization modulation behaviors, as shown in Fig. 10 ions at O h sites exhibit no magnetic moment due to the large splitting of the 3d orbital in symmetry structure and Co 2+ ions at T d sites hold a magnetic moment. 44, 61 Usually, bulk Co 3 O 4 shows antiferromagnetic behavior, which is dominated by the T d -T d weak antiferromagnetic interaction. 44, 62, 63 Studies show that nonmagnetic oxides can exhibit ferromagnetic behavior in the form of thin lms, which originates from the changes of oxygen vacancy concentration, and accords with our prepared Co 3 O 4 lms as shown in Fig. 9 . 59, 60, 64 Usually, the oxygen vacancies can inevitably be introduced in Co 3 O 4 thin lm during deposition process. 65 The magnetism of thin lms increases by increasing the oxygen vacancy concentration. However, aer electroforming process, a large number of oxygen vacancies can easily be induced by electrical impulse, 3 which results in lower saturation magnetization at fresh state than at HRS and LRS of Pt/Co 3 O 4 /Pt stack in Fig. 9 . That is why the oxygen vacancies based CFs mechanism is responsible for the RS characteristics of the inert electrode/oxide/inert electrode sandwiched structure.
14 When the sandwiched structure is activated by a set voltage, the resistance of the Pt/Co 3 O 4 /Pt devices would switch from HRS to LRS. At the same time, oxygen ions are much more mobile than the cobalt cations and its migration jumps from the oxygen coordination in the lattice, which results in generation and accumulation of multiple oxygen vacancies. 60, 66 ) due to the redox effect. In forming or set process, connecting the top and bottom electrodes with the help of oxygen vacancies based CFs via external electric bias, resulted in that stacks switched to LRS, as shown in Fig. 10 . In the reset process, high current induced Joule heating effect to rupture the CFs in Co 3 O 4 thin lms, accompanying with stack switching from LRS to HRS. On the other side, air annealed stack has comparatively higher concentration of oxygen vacancies. That's why in nitrogen annealed stack, reduction of forming voltage and suppression of random CFs growth is better than oxygen annealed stacks. 68, 69 Study reported that oxygen annealing atmosphere is responsible to decreases the concentration of oxygen vacancies.
70 Fig. 10(c) shows the schematic diagram of nitrogen annealed stack, the optimum oxygen vacancies concentration was obtained due to generation of more oxygen vacancies, which caused further reduction of forming voltage and suppression of random lament formation. The nitrogen annealed stack exhibited that the endurance performance remains stable up to 800 switching cycles without degradation, which should be ascribed to generation of more oxygen vacancies and formation of conned CFs. The conned lament formation might be due to the increase of lament sizes. Zhou et al. theoretically investigated the inuence of nitrogen annealing on the resistive switching characteristics based on Ti-doped HfO 2 model using the rst-principles calculation method, and conrmed that nitrogen annealing would cause a low oxygen vacancies formation energy and create more oxygen. 70 Ismail et al. reported that creating more oxygen vacancies can increase the size of CFs. 71 Yan et al. demonstrated the roles of oxygen vacancies and grain boundaries in Ba 0.6 Sr 0.4 TiO 3 resistive switching lms.
11 Their research suggested that grain boundaries serve as an oxygen reservoirs for accumulating the oxygen vacancies, associating with enlarging the size of grain boundaries due to generation of more oxygen vacancies.
Conclusions
Effect of annealing atmosphere (oxygen, air, and nitrogen) on resistive switching and magnetic properties of Pt/Co 3 O 4 /Pt stacks were investigated. Improvement in stability and uniformity of bipolar RS parameters was achieved at nitrogen annealed Pt/Co 3 O 4 /Pt stack due to the formation of conne CFs and suppressing the randomness of oxygen vacancies. The carrier transportation in LRS and the low voltage region of HRS is dominated by ohmic conduction, while the domination conduction is Schottky emission in the higher-voltage of HRS. Physical mechanism of RS was involved in formation and rupture of oxygen vacancies based CFs related to currentinduced thermal effect. In addition, multilevel saturation magnetization was observed at different resistance states. The variation in saturation magnetization associated with RS is attributed to the oxygen vacancy concentration accompanying with the changes in the valence states of cations (Co 2+ and 
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